How do cartilaginous elements attain their characteristic size and shape? Two intimately coupled processes underlie the patterned growth of cartilage. The first is histogenesis, which entails the production of cartilage as a discrete tissue; the second is morphogenesis, which pertains to the origins of three-dimensional form. Histogenesis relies on cues that promote the chondrogenic differentiation of mesenchymal cells, whereas morphogenesis requires information that imbues cartilage with stagespecific (e.g. embryonic versus adult), region-specific (e.g. cranial versus appendicular) and species-specific size and shape. Previous experiments indicate that early programmatic events and subsequent signaling interactions enable chondrogenic mesenchyme to undergo histogenesis and morphogenesis, but precise molecular and cellular mechanisms that generate cartilage size and shape remain unclear. In the face and jaws, neural crest-derived mesenchyme clearly plays an important role, given that this embryonic population serves as the source of chondrocytes and of species-specific patterning information. To elucidate mechanisms through which neural crest-derived mesenchyme affects cartilage size and shape, we made chimeras using quail and duck embryos, which differ markedly in their craniofacial anatomy and rates of maturation. Transplanting neural crest cells from quail to duck demonstrates that mesenchyme imparts both stage-specific and species-specific size and shape to cartilage by controlling the timing of preceding and requisite molecular and histogenic events. In particular, we find that mesenchyme regulates FGF signaling and the expression of downstream effectors such as sox9 and col2a1. The capacity of neural crest-derived mesenchyme to orchestrate spatiotemporal programs for chondrogenesis autonomously, and to implement cartilage size and shape across embryonic stages and between species simultaneously, provides a novel mechanism linking ontogeny and phylogeny.
INTRODUCTION
We hope that our attempts to construct a quantitative theory will stimulate others to delve more deeply below the level of pure phenomenology and come to grips with the central issue underlying evolutionary diversification of size and shape -that is, the morphogenetic unfolding of genetic programs in ontogeny and their alteration in the course of phyletic evolution (Alberch et al., 1979, p. 297 ).
The generation of size and shape has long been a central topic of developmental and evolutionary biology. In their earliest incarnations, size and shape studies focused primarily on proportional scaling or 'allometry' of anatomical structures observed during growth or across species (Thompson, 1917; Huxley, 1932) . Such research ultimately begot the field of morphometrics, which has typically used multivariate methods and computer-based algorithms to quantify and visualize differences in size and shape (Bookstein, 1978; Benson et al., 1982; Siegel and Benson, 1982; Bookstein, 1990) . Although the ability to measure size and shape has become entirely refined over time, results are often phenomenological, and so many morphometricians have contextualized their data with quantitative genetics or evolutionary developmental theories such as heterochrony, as a means to explain changes in size and shape during ontogeny and phylogeny (Gould, 1966; Alberch et al., 1979; Lande, 1979; Atchley, 1981; McKinney, 1988; Atchley and Hall, 1991) . These approaches have been informative, but much remains to be understood regarding specific morphogenetic mechanisms that regulate size and shape. Essential information has begun to emerge from the application of relatively recent techniques in developmental biology, and especially through manipulations that test directly the extent to which molecular and cellular events underlie the spatiotemporal patterning of individual anatomical elements.
For many reasons, including its incomparable paleontological history, its fairly simple geometry, its evolutionary variability and its high degree of visibility during embryogenesis, the vertebrate skeleton has featured prominently in the study of size and shape. In particular, pattern formation in the vertebrate skull has long been the subject of intense investigation (de Beer, 1937; Hanken and Hall, 1993) , mainly in relation to genetic specification of skeletal element identity (Balling et al., 1989; Lufkin et al., 1992; Gendron-Maguire et al., 1993; Rijli et al., 1993; Qiu et al., 1997; Schilling, 1997; Hunt et al., 1998; Smith and Schneider, 1998; Grammatopoulos et al., 2000; Pasqualetti et al., 2000; Creuzet et al., 2002; Depew et al., 2002; Kimmel et al., 2005) , tissue interactions that mediate mesenchymal differentiation into cartilage and bone (Schowing, 1968; Tyler, 1978; Bee and Thorogood, 1980; Hall, 1980; Hall, 1982; Tyler, 1983; Thorogood et al., 1986; Hall, 1987; Thorogood, 1987; Richman and Tickle, 1989; Richman and Tickle, 1992; Dunlop and Hall, 1995; Ferguson et al., 2000; Shigetani et al., 2000; Couly et al., 2002; Francis-West et al., 2003) , regulation of skeletal growth and polarity by secreted molecules (Barlow and Francis-West, 1997; Francis-West et al., 1998; Schneider et al., 2001; Hu et al., 2003; Crump et al., 2004; Wilson and Tucker, 2004; Wu et al., 2004; Liu et al., 2005; Marcucio et al., 2005; Wu et al., 2006) , and control of species-specific skeletal morphology by mesenchyme (Andres, 1949; Wagner, 1959; Noden, 1983; Schneider and Helms, 2003; Tucker and Lumsden, 2004; Mitsiadis et al., 2006) . The role of mesenchyme in conveying species-specific pattern has been recognized principally through inter-specific grafting experiments (Noden and Schneider, 2006; Lwigale and Schneider, 2008) . For example, neural crest-derived mesenchyme destined to form bones and cartilages in the face and jaws, was transplanted between quail and duck (Schneider and Helms, 2003; Tucker and Lumsden, 2004) . Chimeric 'quck' embryos, which are duck hosts with quail donor cells, formed quail-like beaks and jaw joints, whereas chimeric 'duail' displayed duck-derived morphology in quail hosts. The precise molecular mechanisms through which mesenchyme accomplishes this complex task remain opaque, but the ability of mesenchyme to regulate its own gene expression and differentiation, as well as that of adjacent tissues such as epithelia, is apparent (Schneider and Helms, 2003; Eames and Schneider, 2005; Schneider, 2005; Merrill et al., 2008) .
To identify developmental mechanisms that generate skeletal size and shape, we employed the quail-duck chimeric transplantation system, which exploits the divergent maturation rates and distinct species-specific anatomies of these birds ( Fig. 1) . We examined the closely associated processes underlying cartilage formation, histogenesis and morphogenesis. Histogenesis dictates tissue characteristics (e.g. biochemical qualities) and involves the differentiation of mesenchyme during two easily observable stages. First, pre-chondrogenic cells distinguish themselves by undergoing condensation, and second, they enter overt chondrification, when they secrete abundant extracellular matrix (Eames et al., 2003; Hall, 2005) . Whereas histogenesis concerns cartilage differentiation, morphogenesis encompasses the establishment of relative position, orientation, size and shape of cartilage elements. Although the process of cartilage histogenesis appears generally conserved across vertebrates (Eames et al., 2007) , cartilage morphogenesis has achieved remarkable evolutionary diversification. We analyzed histogenesis and morphogenesis of Meckel's cartilage in the lower jaws of quail, duck and quck chimeras, and focused on the acquisition of size and shape. Meckel's cartilage of the quail is much smaller than that of a stage-matched duck and becomes distinctly shaped over time. Moreover, quail embryos develop at a significantly quicker rate than do duck embryos. Such spatiotemporal differences allow chimeric quck embryos to uncover mesenchyme-dependent aspects of histogenesis and morphogenesis. Our results demonstrate that mesenchyme determines both stagespecific and species-specific size and shape, and does so by exerting spatiotemporal control over the molecular and histogenic programs for cartilage. These findings shed light on cellular mechanisms and signaling interactions regulating skeletal pattern, the functioning of developmental modules underlying chondrogenesis, and the role of heterochrony during the evolution of species-specific size and shape.
MATERIALS AND METHODS

Generation of chimeric embryos
Fertilized eggs of Japanese quail (Coturnix coturnix japonica) and white Pekin duck (Anas platyrhynchos) were purchased from AA Labs (Westminster, CA) and incubated at 37°C. Embryos were handled following University and NIH guidelines. Embryos were matched at stage 9.5 using the Hamburger and Hamilton (HH) system for chicks (Hamburger and Hamilton, 1951) applied to quail (Le Douarin et al., 1996) and duck (Yamashita and Sohal, 1987; Eames and Schneider, 2005; Lwigale and Schneider, 2008) . At HH9.5, neural crest cells are abundant along the dorsal midline of the rostral neural tube (Tosney, 1982) . Either unilateral or bilateral populations of neural crest cells generated by the caudal forebrain, midbrain and rostral hindbrain were grafted orthotopically from quail to duck (Fig. 1B) . Tungsten needles and Spemann pipettes were used for surgical operations (Hamburger, 1942; Schneider, 1999) . Donor graft tissue was positioned and inserted into a host that had an equivalent region of tissue excised. Control orthotopic grafts and sham operations were made within each species. Controls were incubated alongside chimeras to ensure that stages of grafted cells were assessed accurately.
Histology and immunohistochemistry
Control and chimeric embryos were fixed in Serra's (100% ethanol:37% formaldehyde:glacial acetic acid, 6:3:1) overnight at 4°C. Embryos were paraffin embedded and cut into 7 μm sections. Some sections were stained following the Hall Brunt quadruple (HBQ) method (Hall, 1986) for histological visualization of cartilage. To detect donor cells in chimeric embryos, adjacent sections were immunostained with the quail nuclei-specific Q¢PN antibody [1:10, Developmental Studies Hybridoma Bank (DSHB)] (Schneider, 1999) . Immunostaining for collagen type 2 (1:25; DSHB antibody II-II6B3) was carried out similarly, except sections underwent microwaveinduced epitope retrieval in 0.01 M citrate buffer, and enzymatic digestion with Ficin (Zymed: South San Francisco, CA). Sections were imaged using brightfield or differential interference contrast.
Whole embryos were stained with Alcian Blue and Alizarin Red (Wassersug, 1976) . For early stages, embryos were stained overnight in 0.1% Alcian Blue (in 70% ethanol, 30% glacial acetic acid), rehydrated, washed with 0.5% potassium hydroxide and cleared with glycerol.
Gene expression analyses
In situ hybridization was performed (Albrecht et al., 1997) . Sections adjacent to those used for histological and immunohistochemical analyses were hybridized with 35 S-labeled chick riboprobes to sox9 (transcription factor), col2a1 (fibrillar collagen), fgf4 and fgf8 (secreted ligands), and fgfr2 (receptor). These chick probes specifically and equivalently identified counterparts in quail and duck tissue (data not shown). Sections were counterstained with Hoechst dye (Sigma). Hybridization signals were detected using darkfield and the nuclear stain with epifluorescence.
Morphometric analyses
To quantify changes in size and shape of Meckel's cartilage that occurred after unilateral transplantation of neural crest, a landmark-based two-dimensional morphometric analysis was performed (Coppinger and Schneider, 1995; Schneider and Helms, 2003) . Whole-mount preparations of control and chimeric mandibles were imaged at the same magnification. Specimens were aligned in a consistent orientation. The X and Y axes were set at zero along the planes passing through the distal tip. Fifteen landmarks were selected along the perimeter of Meckel's cartilage based on anatomical boundaries, extrema and midpoints (Zelditch, 2004) . Landmarks were: (1) distal tip of Meckel's;
(2) medial maximum distal width; (3) lateral maximum distal width; (4) proximal tip of articular; (5) medial maximum proximal width of articular tip; (6) lateral maximum proximal width of articular tip; (7) medial maximum width of articular; (8) lateral junction between Meckel's and articular; (9) medial junction between Meckel's and articular; (10) medial midpoint between distal and proximal tips; (11) lateral midpoint between distal and proximal tips; (12) medial midpoint between midpoint and distal tip; (13) lateral midpoint between midpoint and distal tip; (14) medial midpoint between midpoint and junction between Meckel's and articular; (15) lateral midpoint between midpoint and junction between Meckel's and articular.
Coordinate data for each landmark were obtained using the information tool in Photoshop and inputted into the Paleontological Statistics Software Package for Education and Data Analysis (PAST) (Hammer and Harper, 2006) . Specimens were averaged within groups and analyzed using a Procrustes algorithm, which processes sets of X, Y coordinates, removes the factor of size and reveals shape changes (Chapman, 1990) . The average of the squared magnitudes of the vectors produced distance coefficients that were used in cluster analyses (Ward's method).
FGF signaling inhibition in mandibular explants
To test the ability of FGF signaling to regulate the timing of chondrogenesis, quail mandibular primordia were dissected at HH24, placed on Transwell membranes (0.4 μm pore size, Corning), and immersed in minimal BGJb medium (Merrill et al., 2008) . The FGF receptor inhibitor SU5402 (Calbiochem) (25 μM) was dissolved in DMSO and added to the media either at the time of culture or 24 hours later. Controls were treated with DMSO alone. Dose was based on a previous study (Mandler and Neubuser, 2004) . Mandibles were cultured for up to 3 days and processed for histology and immunohistochemistry.
RESULTS
Mesenchyme regulates cartilage size and shape
To investigate the ability of mesenchyme to generate cartilage size and shape, we transplanted unilateral pre-migratory populations of neural crest cells between stage-matched quail and duck embryos ( Fig. 1B) . These quail donor cells ultimately filled the right half of the duck host mandible, as confirmed by immunostaining with the quail-specific antibody Q¢PN (Fig. 1C,D) . This experimental approach maintained the non-surgical side as an internal control (Tucker and Lumsden, 2004; Eames and Schneider, 2005) , and allowed for a clear comparison of quail donor-and duck hostderived Meckel's cartilage in the same chimeric mandible. An additional analytical tool was the considerable difference in growth rate between quail and duck; within 2 days of surgery and throughout mandibular chondrogenesis, quail and duck embryos were separated by three HH stages ( Fig. 1E) .
Analysis of Meckel's cartilage in control embryos revealed that quail and duck exhibit stage-specific and species-specific differences in size and shape. During early embryonic stages (HH28-32), Meckel's cartilage of quail and duck transitioned from a slightly curved morphology to an S-shaped lateral bend morphology ( Fig. 2A,B ,D-G). By HH35, Meckel's cartilage in quail acquired a relatively straight morphology ( Fig. 2I ,J) whereas duck maintained more curvature. Meckel's cartilage in quail and duck grew in each successive stage from HH28-41, but duck cartilage elements were consistently larger (e.g. compare Fig. 2F with 2G), reflective of their final adult morphology ( Fig. 1A) . In HH28 quck chimeras, Meckel's cartilage on the quail donor-derived side appeared longer than Meckel's cartilage on the contralateral duck host side, and was similar to that of HH31 control quail (n=6; Fig.  2C ). This is consistent with the observation that HH31 quail Meckel's cartilage is slightly longer than HH28 duck Meckel's cartilage (compare Fig. 2D with 2B). In HH32 quck mandibles, the duck host-derived Meckel's cartilage was the same size and shape as in duck controls, but the quail-derived Meckel's cartilage exhibited a more straightened morphology like that observed in quail controls at HH35 (Fig. 2H,I) . At HH38, the quail-derived Meckel's cartilage in quck mandibles was morphologically distinct from the contralateral element of duck origin, and approximated the size and shape of HH41 quail control Meckel's cartilage (n=4; Fig.  2M ). Thus, quail donor mesenchyme maintained its faster rate of development within the relatively slower duck host environment, and Meckel's cartilage on the donor side was consistently more advanced in terms of size and shape than that observed on the contralateral host side.
To control for the possibility that the observed size and shape changes to Meckel's cartilage were due to local mechanical forces such as tension at the chimeric midline from asymmetric muscle attachments, we also performed bilateral transplants. In all of the resultant bilateral chimeric quck, Meckel's cartilage was transformed on both sides in a manner equivalent to that observed Horizontal section through the mandibular primordium of a HH29 chimeric quck embryo (rostral at top), which will give rise to the lower jaw skeleton. Quail donor mesenchyme (black), as visualized by the quail-specific antibody Q¢PN, was found throughout the transplanted side, whereas few to no quail cells were observed on the contralateral duck host side. (E) Graph illustrating the distinct developmental trajectories of quail (red squares) versus duck (blue circles) after being stage-matched at HH9.5 for surgery (yellow triangle on y-axis). Control quail and duck embryos were separated by approximately three HH stages within 2 days of surgery, and throughout the initial stages of overt mandibular chondrogenesis (gray area).
only on one side in unilateral chimeric quck (n=7; data not shown). Thus, the morphological transformations are due entirely to quail donor-mediated programs for cartilage size and shape. We quantified changes in Meckel's cartilage morphology by employing a landmark-based morphometric approach (Coppinger and Schneider, 1995; Schneider and Helms, 2003) . Landmark points defining Meckel's cartilage were evaluated using a Procrustes algorithm (Fig. 3A,B) , which outputs distance coefficients that summarize differences from pair-wise comparisons between all specimens. These distance coefficients were used in cluster analyses to reveal trends in the morphometric data. Based on overall similarity in the shape of Meckel's cartilage, quail cluster with the donor sides of quck embryos, and are distinct from the group that includes duck and the host sides of quck ( Fig.  3C ). To assess the contributions of stage-specific and speciesspecific differences in size, we also included centroid values in the distance matrices and performed another cluster analysis (Fig. 3D ). In this case, the groups break down primarily on the basis of embryonic stage, rather than species, so that quail, duck and the host side of quck at HH28 cluster together; HH31 quail, HH31 duck and the donor side of HH28 quck cluster together; the HH38 and HH41 specimens cluster together with the duck and host side of quck at HH38 forming one group and the HH41 quail and donor side of quck at HH38 forming another. Overall, our experiments demonstrate that the stage-specific and species-specific size and shape of Meckel's cartilage are established as a function of the neural crest-derived mesenchyme.
Mesenchyme controls the initiation of overt chondrification
To identify a mechanism through which neural crest mesenchyme carries out its morphogenetic program for size and shape, we focused on the process of histogenesis. We investigated the extent to which histogenic programs of chondrogenesis were altered in chimeric mandibles. We collected quck at stages that could potentially reveal spatiotemporal shifts in overt chondrification, which is when chondroblasts begin to secrete cartilaginous matrix (Hall, 2005) . We assayed for changes in overt chondrification of Meckel's cartilage and the adjacent quadrate cartilage. As visualized by Alcian Blue staining of whole-mount control duck and quail embryos, the quadrate and Meckel's cartilage were not detected at HH25, but became conspicuous by HH28 ( Fig. 4A and quail embryos ( Fig. 4E ; see also Fig. 5H ). No Col2immunoreactivity was apparent in chondrifying regions of control HH25 duck and quail mandibles (Fig. 4I ). Expression patterns for transcripts of col2a1 were in similar domains as the light Alcian Blue staining of HH25 duck and quail control mandibles ( Fig. 4M ; see also Fig. 5L,P) . However, there were no distinct tissue boundaries, such as a perichondrium, separating col2a1-positive cells from surrounding mesenchyme. Upon analysis of the same region in HH28 control quail and duck mandibles, many features of overt chondrification were apparent. Alcian Blue staining was much stronger in both quail and duck than at HH25 (e.g. compare Fig. 4H with 4E ) and the matrix was surrounded by a distinct perichondrium (Fig. 4H ). Col2-positive matrix was detected in the quadrate and Meckel's cartilage of HH28 control duck or quail embryos (Fig. 4L ). Expression domains of col2a1 were more spatially defined and the levels appeared much higher in chondrifying regions of HH28 control mandibles than in similar regions of HH25 control embryos for both quail and duck (compare Fig. 4P with 4M) .
Q¢PN antibody staining on sections through proximolateral regions of HH25 chimeric quck mandibles confirmed an abundance of quail donor-derived mesenchyme on the transplanted sides (Fig.  4B,C) . In HH25 quck mandibles, developing cartilages from quail donor mesenchyme exhibited strong Alcian Blue staining, as well as a distinct perichondrial boundary, which was unlike that observed in contralateral duck host mesenchyme (Fig. 4F,G) . Additionally, only the donor side exhibited Col2 immunoreactivity (Fig. 4J,K) and the domains and expression levels of col2a1 in quail donor-derived mesenchyme of HH25 quck mandibles appeared more similar to control quail tissues at HH28 than to the more diffuse domains observed in contralateral HH25 duck host mesenchyme ( Fig. 4N-P) . Therefore, quck chimeras revealed that neural crest-derived mesenchyme autonomously expresses histological and molecular markers of overt chondrification.
Mesenchyme controls the initiation of chondrogenic condensation
To examine the extent to which neural crest mesenchyme regulates the earliest stages of chondrogenesis, we analyzed molecular markers expressed during the formation of chondrogenic condensations. As visualized histologically in HH22 control duck and quail mandibles, a very light and diffuse Alcian Blue stain was observed in mesenchymal cells located deep to the surface ectoderm and abutting the endodermal pouch of the pharynx (Fig. 5E ). In the same region of control duck and quail embryos at HH25, larger condensations of cells became more conspicuous histologically, although no distinct perichondrium was observed ( Fig. 5H ; see also Fig. 4H ). Although there were low levels of sox9 transcripts in mandibular mesenchyme of control duck and quail at HH22 (Fig. 4I) , the spatial domain of sox9 expression underwent a restriction by HH25 that reflected histological observations of a chondrogenic condensation ( Fig. 4L;  Fig. 3E ). Moreover, a clear spatial separation was apparent between sox9-expressing cells and the endodermal pouch at HH25, whereas no such separation was observed at HH22 (Fig. 5I,L) . Furthermore, in both control duck and quail mandibles at HH22, no transcripts for col2a1 were detected but they appeared in chondrogenic condensations by HH25 ( Fig. 5M ,P; see also Fig. 4M ). Finally, to assay for changes in signaling by growth factors known to be associated with cartilage formation, we analyzed expression of fgf4, fgf8 and the receptor fgfr2. We observed epithelial expression of fgf4 and fgf8 in quail and duck embryos at HH22 and HH25 (Fig. 5Q,T; and data not shown), which is consistent with published reports that several fgf genes are expressed in mandibular epithelium as early as HH15 and thereafter (Wall and Hogan, 1995; Shigetani et al., 2000; Mina et al., 2002; Havens et al., 2006) . Although we did not detect transcripts for fgfr2 in the mandible at HH22, we did in the mesenchyme at HH25 (compare Fig. 5U to 5X) .
Q¢PN antibody staining of HH22 chimeric mandibles confirmed an abundance of quail donor neural crest-derived mesenchyme on transplanted sides, compared with the contralateral duck host side (Fig. 5B,C) . The quail donor side of HH22 quck mandibles exhibited a more robust condensation of cells, which also expressed sox9, when compared with the contralateral duck host side (Fig. 5F,G,J,K) . The distinct spatial separation of the sox9-expressing cells from the endodermal Procrustes method, which removes the factor of size and reveals shape differences. (C) The average of the squared magnitudes of the vectors produced distance coefficients that were used in cluster analyses (unweighted pair group method using arithmetic averages). On the basis of overall shape similarity, duck at HH28 and HH31, and the duck host side of quck at HH28 were more alike than quail at HH31 and the quail donor side of quck at HH28; quail at HH38 and HH41, and the quail donor side of quck at HH38 were more alike than duck at HH38 and HH41, and the duck host side of quck at HH38. (D) When differences in size were included in the analysis, the groups clustered mostly by stage rather than by species. In addition, the relative amount of similarity was much less between early and late stages due to the vast differences in size between early and late stages (i.e. those associated with growth), and between quail and duck (i.e. those that are species specific). pouch on the quail donor side was more similar to that observed in HH25 control quail embryos than that seen in the contralateral duck host side, or in control duck embryos at HH22. In addition, quail neural crest-derived mesenchyme of HH22 quck mandibles expressed col2a1 and fgfr2 in chondrogenic condensations, whereas no transcripts could be detected in contralateral duck mandibular mesenchyme (Fig. 5N,O,V,W) .
FGF signaling regulates the timing of mandibular chondrogenesis
To determine the extent to which the upregulation of fgfr2 in quail donor mesenchyme is mechanistically related to premature cartilage formation, we performed experiments designed to test the ability of FGF signaling to regulate the timing of mandibular chondrogenesis. We treated quail mandibles with SU5402, which inhibits the tyrosine kinase activity of fibroblast growth factor receptors (Mohammadi et al., 1997) . Our treatments exposed quail neural crest mesenchyme to SU5402 immediately prior to when fgfr2 normally becomes upregulated in mandibular mesenchyme. We found that an inhibition of FGF signaling at this precise time causes a significant delay in chondrogenesis (n=5; Fig. 6 ), whereas treating 24 hours later has little effect (n=5; data not shown). Additional experiments revealed that chondrogenesis was delayed rather than blocked entirely by SU5402, as culturing treated mandibles for an additional day enabled cartilage to eventually form (n=5; data not shown). Thus, temporal changes to FGF signaling either through biochemical manipulation or via the quail-duck chimeric system can alter the timing of cartilage formation.
DISCUSSION
Mesenchyme controls mandibular chondrogenesis
The question of how complex anatomical systems acquire their proper three-dimensional morphology, has concerned biologists for almost a century. In his 1928 essay 'On Being the Right Size', J. B. S. Haldane remarked that 'The most obvious differences between different animals are differences of size…For every type of animal there is a most convenient size, and a large change in size inevitably carries with it a change in form' (Haldane, 1985) . Using the quailduck chimeric system, our morphometric and molecular analyses of Meckel's cartilage reveal that both stage-specific and species-specific size and shape arise from the neural crest-derived mesenchyme.
To understand developmental mechanisms through which mesenchyme controls cartilage size and shape, we identified changes in the program of cartilage histogenesis that preceded changes in morphogenesis. Chondroblasts on the quail donor side of quck mandibles differentiated on the timeframe of quail controls as opposed to that of the contralateral duck host. Donor-dependent shifts in cartilage histogenesis were apparent from the beginning of mesenchymal condensation. Both sox9, which is the earliest known molecular marker of chondrogenic condensations (Healy et al., 1996; Zhao et al., 1997; Eames et al., 2003; Eames et al., 2004) , and col2a1, which is directly regulated by sox9 (Bell et al., 1997) , were expressed prematurely by quail donor cells relative to duck host mesenchyme of the contralateral side. Moreover, we found that FGF signaling, which functions upstream of sox9 and chondrogenesis (Healy et al., 1999; de Crombrugghe et al., 2000; Murakami et al., 2000; Petiot et al., 2002; Eames et al., 2004; Govindarajan and Overbeek, 2006; Bobick et al., 2007) is also regulated by mandibular mesenchyme. To test the mechanistic significance of these results, we inhibited FGF receptor activation and discovered that, during a discrete temporal window, FGF signaling plays a role in setting the timing of mandibular chondrogenesis. Thus, by regulating the timing of FGF signaling as well as the expression of sox9 and col2a1, mandibular mesenchyme likely transmits information for stage-specific and species-specific size and shape to Meckel's cartilage. The chondrogenic transcription factor sox9 was expressed broadly at low levels from the endodermal pouch across mandibular mesenchyme in control embryos, as well as the host side of chimeric quck at HH22. (K) On the donor side, coincident with Q¢PN-positive mesenchyme, sox9 expression was restricted at a distance from the endodermal pouch and levels were considerably higher than that observed on the contralateral host side. (L) Expression of sox9 in control quail embryos at HH25 was equivalent to the donor side of quck at HH22. (M,N) col2a1 was not detected in mandibular mesenchyme of control embryos or the host side of quck at HH22. (O,P) However, col2a1 was expressed in the pre-cartilaginous condensations on the donor side of quck and of control embryos at HH25. (Q-T) fgf4 was expressed continuously at HH25, HH22 and earlier in the epithelium of control and chimeric mandibles. (U,V) fgfr2, which encodes a receptor for FGF4, was not expressed in mandibular mesenchyme of control embryos or in the host side of chimeric quck at HH22. (W,X) fgfr2 transcripts were abundant in quail donor-derived mesenchyme of quck at HH22 like that observed in controls at HH25.
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What role do epithelia play during chondrogenesis?
Although our experiments reveal that cartilage development involves mesenchymally mediated histogenesis and morphogenesis, numerous studies have also demonstrated important roles for adjacent epithelia. For example, the 'flypaper model' advanced the concept that epithelial-mesenchymal interactions produce an abundant extracellular matrix, which adhesively traps migrating neural crest cells at their site of differentiation and leads to the induction of cartilage (Garrod, 1986; Thorogood, 1988; Thorogood, 1993) . In the head, such epithelia are derived from the surface ectoderm, brain, sensory capsules and pharyngeal endoderm, and also seem to be required for the initiation and maintenance of chondrogenesis (Hall, 1980; Hall, 1981; Thorogood et al., 1986) , although some evidence suggests that epithelia may also inhibit chondrogenesis (Mina et al., 1994) . Many studies have shown that epithelia provide axial information to the underlying mesenchyme. For example ectopic rotation of facial ectoderm induces mirror image duplications of distal upper beak structures along the dorsoventral axis (Marcucio et al., 2005) . Additionally, pharyngeal epithelium conveys region-specific polarity and segmental identity to neural crest mesenchyme, as demonstrated by transplantation studies and genetic analyses (Kimmel et al., 1998; Veitch et al., 1999; Miller et al., 2000; Piotrowski and Nusslein-Volhard, 2000; Kikuchi et al., 2001; David et al., 2002; Crump et al., 2004) .
The revelation that mesenchyme drives significant aspects of cranial chondrogenesis can be reconciled with known functions of epithelia, following a relatively straightforward scenario. In this study, we have focused primarily on mesenchymal condensation, overt chondrocyte differentiation and cartilage morphogenesis. The roles of pharyngeal endoderm and facial ectoderm, for example, in establishing cartilage orientation and regional identity around the oral cavity may occur prior to mesenchymal condensation, perhaps by permitting or aligning the spatial distribution of cartilage condensations in mandibular mesenchyme. In this sense, these epithelia would be acting instructively at first but then assume a more permissive role that enables the execution of mesenchymedependent programs and allows chondrogenesis to progress in a somewhat time-independent manner. Thus, although epithelia derived from the endoderm and ectoderm may determine the location of chondrogenic condensations, which does not appear to differ grossly between quail and duck, our data show that neural crest-derived mesenchyme subsequently responds through intrinsic, stage-specific and species-specific programs of histogenesis and morphogenesis that ultimately regulate cartilage size and shape. Such findings gain support from the similar permissive role played by epithelia during mandibular osteogenesis (Merrill et al., 2008) , and the observation that many chondrogenic signals including FGFs and BMPs are continuously expressed by epithelia prior to and during the arrival of neural crest-derived mesenchyme in the mandible (Francis-West et al., 1994; Wall and Hogan, 1995; Shigetani et al., 2000; Ashique et al., 2002; Mina et al., 2002; Havens et al., 2006) .
Mesenchyme integrates programs of cartilage histogenesis and morphogenesis
Despite being conceptually distinct, histogenesis and morphogenesis appear so tightly coupled during mandibular chondrogenesis that they function as a single developmental module. Such results confirm other studies in zebrafish, where early morphogenesis of cells in pharyngeal cartilages is coincident with histogenesis (Kimmel et al., 1998) , and sox9 -/mutants have defects in both cartilage morphogenesis and histogenesis (Yan et al., 2002) . Runx2 -/mice also illustrate the interplay between histogenesis and morphogenesis, for the absence of chondrocyte hypertrophy leads to a loss of cartilage growth (Yoshida et al., 2002; Iwamoto et al., 2003) . In a similar vein, our quck studies could not dissociate morphogenesis from histogenesis. Morphogenetic aspects of quck cartilage development, such as size and shape acquisition, were altered temporally to the same extent as histogenic features, such as secretion of extracellular matrix. Although the possibility exists that additional events during histogenesis and morphogenesis, including the specification of pre-chondrogenic mesenchyme or spatial initiation of condensations, occur independently of mesenchyme, we think this is unlikely as all aspects of chondrogenesis that we examined (e.g. matrix deposition, protein synthesis and gene expression), were altered in our experimental system. Thus, our results support the notion that histogenesis and morphogenesis are highly inter-dependent processes, and that their integration during chondrogenesis characterizes a developmental module defined primarily by the autonomy of neural crest-derived mesenchyme (Fig. 7) . This is similar to the role proposed for mesenchyme in other developmental modules such as the formation of epidermal appendages (Eames and Schneider, 2005; Schneider, 2005) . The modularity of chondrogenesis makes sense given that cartilage morphogenesis relies on histogenesis to generate proper three-dimensional form, and many of the same molecules and signaling pathways that function during early neural crest cell specification, proliferation and differentiation, such as BMPs and FGFs, are also known to affect later cartilage pattern (i.e. size and shape) in the avian oral cavity (Francis-West et al., 1994; Mina et al., 1995; Wall and Hogan, 1995 Hall, 1997; Richman et al., 1997; Barlow et al., 1999; Tucker et al., 1999; Wang et al., 1999; Shigetani et al., 2000; Ashique et al., 2002; Mina et al., 2002; Wilson and Tucker, 2004; Havens et al., 2006; Schneider, 2007) . But BMPs and FGFs also appear to function divergently, especially given their effects on upper versus lower regions of the beak, the times at which they act and the tissues in which they are expressed. For example, published work on the ability of BMPs to regulate size and shape pertain primarily to the upper beak, and, in particular, to the frontonasal process Wu et al., 2004; Wu et al., 2006; Foppiano et al., 2007) . Moreover, our prior experiments show that BMP signaling acts slightly later during mandibular development to regulate the timing of bone formation, but not of cartilage (Merrill et al., 2008) .
Quail-duck chimeras test for the effects of heterochronies on size and shape
From the perspective of evolutionary developmental biology, one off the most striking findings from this work is the ability of mesenchyme to keep track of stage-specific and species-specific size and shape concurrently. Presumably, quail donor mesenchyme accomplishes this task, in part, by shifting the timing of histogenic events in the duck to something like that found in the quail. This result provides a novel mechanism for linking skeletal development and evolution. One prominent concept that has been used previously to connect development with evolution, and to study transformations in size and shape, is heterochrony. Traditionally, heterochrony describes changes in the timing of developmental events between an ancestor and a descendant (Russell, 1916; de Beer, 1930) . Clearly quail and duck do not have an ancestor-descendant relationship, but heterochrony also applies to comparisons of closely related taxa, and in this regard can be used to evaluate the effects of variations in rates of growth on size and shape (Gould, 1977; Alberch et al., 1979; Hall, 1984; Roth, 1984; Foster and Kaesler, 1988; McKinney, 1988; Klingenberg and Spence, 1993; Raff, 1996) . Such growth heterochrony is just one variable introduced by the faster developing quail donor cells in a relatively slower duck host (i.e. manifest through intrinsic species-specific differences in maturation rates). Another variable in this chimeric system would be the experimentally induced shifts in the relative onsets, cessations and/or durations of molecular and cellular events during histogenesis. In naturally occurring systems, such changes have been termed sequence heterochrony, and can be used to analyze the evolution of size and shape (Smith, 2001; Smith, 2002; Smith, 2003) , especially in the context of reciprocal epithelialmesenchymal interactions underlying skeletal diversity (Smith and Hall, 1990) .
Our results reveal that quail donor mesenchyme carries information on the rate and time at which chondrogenesis should proceed. Most likely, this predisposition arises from intrinsic mechanisms that control the cycling and proliferation of cells in a quail-specific manner. The consequence is that chondrogenesis advances by three embryonic stages, which is similar to what we observed in during feather morphogenesis and osteogenesis (Eames and Schneider, 2005; Merrill et al., 2008) , and Meckel's cartilage attains species-specific size and shape. Other possible outcomes could have been that quail donor cells follow the timetable of the host and make cartilage that is either quail-like or duck-like in morphology; or they generate some novel anatomy that is either a combination of, or unlike that normally observed in quail or duck. Instead, we find that quail donor mesenchyme introduces a significant alteration in the timing and rates of histogenic events and executes a program of cartilage morphogenesis like that normally observed in quail. As such, our results suggest that heterochronic changes can generate speciesspecific morphology, but they do so with at least two very conspicuous caveats. First, in terms of absolute time, there really is no heterochrony as quail donor cells followed their own schedule and behaved as quail cells normally do. The heterochrony we introduced can only be considered in terms of relative timing (i.e. to that of the duck host) of molecular and cellular events during chondrogenesis. However, such sequence heterochrony may not have occurred if quail cells were able to accelerate all relevant duck host events immediately after neural crest transplantation. Second, quail-specific morphology was achieved not merely by an acceleration of developmental events but also by progressive implementation of a quail-specific genome. In this capacity, quail donor mesenchyme may simply be responding to common signals present in duck host epithelium that are continuously expressed during a broad developmental window (e.g. fgf4), and which are able to accommodate the difference in stage between donor-derived and host-derived mesenchyme. Studies that employ species with wider disparities in growth rates could resolve this possibility by elucidating the limits of competency in either the donor or host, although our published data already confirm that epithelium can respond to premature mesenchymal induction (Schneider and Helms, 2003; Eames and Schneider, 2005 crest-derived mesenchyme to impart size and shape across embryonic stages and between species in parallel, points to the generative role that development has played during the course of morphological evolution.
